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AN

PREFACE

This is one of a series ol final reports on noise and propulsion technology submitted by the
Boeing Commercial Airplane Company. Seattle. Washington, 98124, in fulfillment of Task I11
of Department of ‘iransportation Contract DOT-FA-72WA-2893, dated | February 1972.

To benelit utilization of technical data developed by the noise suppressor and nozzle develop-
ment program, the final report is divided into 10 volumes covering key technology areas and
a summary of total program results. The 10 volumes are issued under the master title, “Noise
Suppressor/Nozzle Development.” Detailed volume breakdown is as follows:

Volume |

Volume 11
Volume 111
Volume IV
Volume V

Volume VI

Volume VI

Volume VIHI

Volume IX

Volume X

Program Summary
Noise Technology
Noise Technology - Backup Data Report

g
Performance Technology Summary
Performance Technology - The Effect of
Initial Jet Conditions on a 2-D Constant
Arca Ejector
Ferformance Technology —Thrust and Flow
Characteristics of a Reference Multitube
Nozzle With Ejector
Performance Fechnology - A Guide to Multitube
Suppressor Nozzle Static Performance; Trends
and Trades
Performance Technology - Multitube Suppressor/
Ijector Interaction Effects on Static
Performance (Ambient and 1150°F Jet
Temperature)
Performance Technology -~ Analysis of the Low-
Speed Performance of Multitube Suppressor/
Ejector Nozzles (0-167 kn)
Advanced Suppressor Concepts and Full-Scale
Tests

Report No.
FAA-SS-73-11-1
FAA-SS-73-11-2
FAA-S§S8-73-11-3
FFAA-§S-73-11-4
FAASSS-73-11-5

FAA-SS-73-11-6 |

FAA-SS-73-11-7 |

FAA-SS-73-11-8

IFAA-SS-73-11-9

FAA-8S-73-11-10

This report is volume  1X of the series and was prepared by the Propulsion Research Staff of
the Boeing Commercial Airplane Company.
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FOREWORD

Fhis document extends the investigation of bare multitube suppressor pcrformunccl and
sHppressor/ejector interaction effects= to include the effects of low forward velocity on

the performance of these exhaust systems. The noise suppression characteristics of the same
hardware are presented in reference 3. The work was accomplished under Task 111 of the
DOT/SST Follow-On Technology Phase 11 Contract Number DOT-FAT2WA-2893.
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Crossover velocity

Cy int

SYMBOLS AND ABBREVIATIONS

Geometric flow area (in square inches) of primary nozzle, measured at
7001

Supnregsor base area in square inches: ApAR D
Eftective suppressor exit arca: Cph - Ap

Geometric flow area of the nozzle including temperature induced area
growth

Minintum annular area between the ejector lip and the exits of the outer
row tubes

Measured area, in square inches, between the tubes in the outer row of
4 SUPPICSsoT

Total ventilation arca. Ag + the calculated area between plumes of the
jets in the outer row of a suppressor

Boundary layer

Discharge cocfticient, accounting for temperature induced nozzle arca
growth, calculated as follows:

wp
=

5
. (pR-Z/‘/ - PR ”‘7))] ti2

Appp* PR Py [R(‘r -

v Trp

For tlns equation, if

/v -1 iy -
m<>@§‘) let PR=(7+')

2

SKkin friction coefficient

Gross thrust coefficient (measured suppressor and ejecter thrust-drag)
(m VIP)

Close-packed —An arrangement of tubes with approximately the same
distance between any two adjacent tubes

The forward velocity above which a suppiessor/ejector configuration
has a smaller Cf than the same suppressor would have without an
. ¥
¢jector £
Nozzle internal velocity coefficient
e -
o g P S S—_—
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SYMBOLS AND ABBREVIATIONS - Continued
D, ¢ Afterbody drag: sum of the base-plate and ramp drags

Dy or Dyage Baseplate drag in pounds, calculated from static pressure measurements
taken at arca-weighted taps on the baseplate

Dy /FID Baseplate drag expressed as a percentage of ideal thrust

l)cq The exit diameter, in inches, of a singie round convergent nozzle with
area equal to the total effective flow area of a multitube nozzle

I)r'unp Drag in pounds calculated on the nozzle ramp using static pressure
measured at arca-weighted taps

I'AR Ljector area ratio: geometric arca at ejector throat divided by Ap
Lffechive AR Geometric area of the ¢jector divided by (Cpy - Ap)
1D ldeal thrust in pounds; measured primary mass flow rate multiplicd by

the ideal, fully expanded velocity in VIP

Lapse Rate Rate of decrease in gross thrust coefficient with increasing velocity
calculated using the values at the desired end points

C" (@ Vl -Cfg @ V2

g
La o Axial distance in inches between ejector throat and exit
P Axial distance in inches from cjector hilite to ejector throat

' Ejector length: distance in inches from the flightlip hilite to the ejector
exit measured with zero setback

L d Ijector length divided by individual tube diameter

LiP The absolute value of the lip suction force calculated from area-weighted
£
static pressure on the lip

LIP/IID The absolute value of the lip force expressed as a percentage of ideal
thrust (I“1D)

Ly Tube length measured on the outside of the tube: distance in inches
from tube exit to the baseplate

m Measured mass flow rate: WP/g
N Total number of tubes in a suppressor
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SYMBOLS AND ABBREVIATIONS—Continued

Nozzle area ratio: area inside a circle circumscribed around the outside
of the outermost tubes (where they meet baseplate), divided by Ap

Area inside a circle tangent to the outside of the outer row jets, ut the
exit plne, divided by the effective flow area Cp * Ap)

Ambient pressure

The average static pressure in PSIA obtained at area weighted taps on the
nozzle baseplate

771e pressure ratio: Pa. /P
Nozzle pressure ratio: 1 IO/I il
Gauge pressure: pounds per square inch of pressure above atmosphere

The charging total pressure, i.e., total pressure PSIA at a station upstream
of the tube entrances

Dynamic pressure = 1/2 ;.7V‘2

Radius in inches of the inlet to a tube

Anarrangement of tubes in radial lines to maximize ventilation
Revnolds number

Radius trom the ¢jector centerline to the throat, in inches

Radius from the nozzle centerline to the outside of the outer tuhes, in
inches

Radius in inches from ejector centerline to the flightlip hilite

Radius in inches from the nozzle centerline to the outside of a Cpy =1 jet
issuing rom the suppressor measured at the nozzle exit plane (sce fig. 7)

Radius in inches from the centerline to the outermost portion of ¢jector

Round convergent reference nozzle with 10° internal half-angle

A method of altering the secondary air inlet area of a fixed ejector
suppressor geometry by repositioning the ejector along the centerline
of the suppressor/ejector system. Positive setback is measured as the
axial distance from the suppressor exit plane to the flightlip hitite of the
ejector.
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SYMBOLS AND ABBREIVATIONS-Continued
The amount of setback nondimensionatized by the equivalent diameter
of a jet having the same effective flow area as the total flow of the given

configuration

Average total temperature ol the primary flow (Fahrenheit untess
otherwise noted)

tdeat primary jet velocity expanded to ambient pressure.

{:gk(ﬁ) Trp [1 - Ry ‘*”’ﬂﬂ b2

Forward velocity in knots
Measured weight flow rate of air in pounds/second
Measured weight flow rate of fuel and air in pounds/second

Internat half-angle of the round convergent portion of the tube in degrees

Ratio of specific heats
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1.0 SUMMARY

1.1 INTRODUCTION

Jet noise suppression, a major problem in the developent of supersonic transports, has
experienced a substantial technology change since the termination of the U.S. SST program.
Particular emphasis has been placed on the neoise generated by the high pressure ratio ret
exhaust flow. A critical factor in the development of jet noise suppression devices foi ca-
haust nozzle systems is the maintenance of acceptable fevels of thrust performance over the
flight regime. Application to advanced supersenic siiaiaii demands ithat tic SUPPTCSSOT
cause httle or no performance loss at cruise conditions. This constraint generally means

that the suppressor must be retiacted oui of ilie jet stream at other thai takeofl and ap-
proach flight modes, and this in turn severely limits the range of suppressor hardwire Darim-
eters that can be considered for practical configurations.

This document presents a portion of the DOT-sponsored program to advance technology
and establish a performance design capability within mechanical constraints and acoustic
criteria for now noise multitube suppressor exhaust systems. The investigation extends

the study of bare multitube suppressor performance (ref. 1) and suppressor/cjector inter-
action effects (ref. 2) to include the effects of tow for rd velocity on the performance of
these exhaust systems. Noise suppression characteris — are presented on reference 3. For
suppressor/ejector nozzles, the tevel of performance is largely a result of the tradeolf be-
tween ejector lip suction and nozzle base drag.  As the system is subjected to forward veloe-
ity e drap penalty produces g decicase in lip suction that is proportional to the amount
of secondary air handled. Thus, to maximize the usefulness of the system over a range of
velocities, the present study examines the mechanisms available to allow high static per-
formance and minimize the performance lapse rate while also maintaining the noise SUPPres-
sion and mstallation constraints.

Results are presented from a systematic, model-scale experimental program which investi-
gated the effects of six suppressor and three ejector parameters over a range of velocitics
from O to 107 kn and pressure ratios {from 2 to 4.

1.2 RESULTS

Phe analysis of the experimental work includes discussion of the dependence of pressure
ratio effects on velocity as well as an individual treatment of each of the geometric vari-
ables. A summary plot of performance as a function of pressure ratio and velocity is pre-
sented for each configuration tested. High static performance and minimum lapse rates
are shown to be compatible through the proper selection ol suppressor/ejector geometry
and ejector inlet area.

1.3 SUMMARY OF FINDINGS

Over the range of variables investigated, variations in geometry prodice inuch lager
changes in the level of performance than in the rate of change of performance with velocity,
An example of this is shown on figure 1 for various bare suppressor nozzles. To minimize
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Figure 1. Effect of Velocity on the Performance of Suppressais Withoui Ejeciors
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suppressor drag, the use ol a radial tube placement and elliptical convergent tnbes is recom-
mended. The number of tubes should be hield at the minimuny consistent with suppression
reguirements,

Large arca ratio cjectors, while producing large static thrust augmentation, also have large

Lipse rates. Fhe choice of clector area ratio should include consideration ol the perform-
by ~ )

ance over the desired range of velocities.

The maximum overall performance during tukeoft is provided by configurations which mini-
naze the alterbody drag throush the appropriate selection ol suppressor variahles and ef-
fective cjector inlet arca,

Figure 2 shows an example of the performance of a suppressor with and without an ¢jector.
I'he ejector case has higher static pcrt?}rmuncc and greater lapse rate, producing a crossover
velocity beyond which the ejector becemes o performance handicap.

I'he best performance results are obtained when the ejector length is on the orderof 12 to
15 individual jet diammeters tor cjector area ratio < 3.7 and EAR/NAR < 1.3, Increuased
ciector length should be considered if either the cjector area ratio or the EAR/NAR ratio
15 greater than these values,

The majority of the secondary air entering the ejector appears to pass through the annular
arca between the ejector lip and the outer row tuhes. Only a small percentage ol the Now
passes between the tubes into the recirculation region. The annular area (and hence the
majonty ol the effective inlet arca) is established by the EAR/NAR ratio and the ¢jector
sethack

Ejector inlet arca plays a major role in determining the tradeofl between lip suction and
hase drag. An optimum ejector inlet arca exists Tor cach operating condition (jet tempera-
ture, pressure ratio, and freestream velocity) as illustrated in figure 3.

Laree performance losses are observed as the area is decreased from the optimum. hy the
imit, the secondary air chokes at the cjector, producing shock-induced tlow instabilities
and ejector vibration. Inereases in cjector inlet arcas beyond the optimum cause relatively
statl performance losses for the range testea.

Ty pical performance trends for o multitube bare nozzle are shown in ligure 4,

At any fined velocity, alterbody drag is o decreasing percentage ol ideat primary thrust as
pressure ratio increases, For a lixed pressure ratio, the base drag increases linearly with
velocity, and the ramp drag increases in praportion to veloeity squared.

Maximum static performance occeurs between pressure ratio 2.5 and 3.0, Lapse rate,

[AC |‘gl @ AV o, decreases as pressure ratio inereases. Thus, the peak performance decreases
and shifts to a hagher pressure vatio as velocity increases. For a constant pressure ratio

and nozzle arca ratio, the level of performance varies strongly with geometry but the lapse
rate 1s nearly constant,

)
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Figure 4.—General Behavior of Bare Suppressor Performance
as a Function of Pressure Ratio and Velocity

Typical trends for suppressor/ejector nozzles were studied. Over the range of pressure ratios
mvestigated (2--4), the maximum static performance was found to occur at or near pressure
ratio = 2. The lapse rate, while still decreasing with increasing pressure ratio, is much

larger with ejectors than for similar bare suppressor cases. Thus, as the velocity increases
(relative to a bare suppressor), the rate of performance decrease is greater and the pressure
ratio at which the peak performance ocecurs moves to a higher value for the ejector case.

Both lip suction and base drag become decre "~ .1 percentages of ideal thrust as either
pressure ratio or velocity increases. The lip suction is more strongly dependent on pressure
ratio than is base drag.

The geometric suppressor parameters of tube number, tube shape, length, and array greatly
affect static performance but do not contribute substantially to the rate of change in per-
formance due to forward velocity .

Typically, static performance decreases as temperatures increase because of decreased sec-
ondary air handling. The reduced air handling results in lower ram drag penalty and thus,
lower lapse rate with forward velocity.,

For the type of suppressor/ejector system investigated, an ejector area ratio of approxi-
mately 3.1 and EAR/NAR of 1.2 are recommended as providing the best performance
tradeoffs. Very little setback would be needed for such a configuration, and the setback
could be used to “fine tune™ the system over the range of velocity.
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2.0 INTRODUCTION

Arrcralt designed for supersonic cruise require engines with a liigh thrust-to-frontal-arca
ratic and higl exhaust jet velocities. Noise suppression is essential during takeoff, initial
climb-out, and landing. The noise associated with the high velocity jet can be reduced
substimtially by placing hardware into the primary exliust flow to break the jet into small
clements. However, the extreme sensitivity of the supersonic aircralt mission to nozzle
performance during supersonic cruise dictates that the suppressor hardware, with its in-
herent thrust loss, be retracted from the jet during cruise. SST technology (ref. 4) demon-
strated Ingh suppression vialues Tor multitube suppressor nozzles that could be stowed

into the divergent portion of g high-performance con-di nozzle during transonic ac:eferation
and supersonic cruise (fig. 5). At low speeds the divergent portion of the cruise nozzle could
he moved outward 1o form g nearly constant area ejector,

By providing an inlet Tor ambient (sccondary) air to be accelerated into the cjector by the
entramment of the high  elocity primary jets, a static pressure reduction is created which
produces a thrust force on the ejector lip. The amount of air entrained by the primary is

a tunction of the ¢jector area and length, among other things. On the order of twelve indi-
vidual jet diameters are required to provide sufficient mixing length to entrain the nuaximum
amount of secondary air and obtain maximum cjector lip suction. The use of a multitube
suppressor makes the required ejector length Teasible from an installation and weight point
of view,

The static pressure reduction at the ejector inlet also produces an increase in the a fterbody
drag on the suppressor nozzle. References 1 and 2 demonstrate that the overall suppressor/
gjector performance is strongly influenced by the lower-than-ambient pressure acting on
the base area between the tubes. The amount of base drag is a function of both the venti-
lation provided by the suppressor geometry and the static pressure reduction due to the
secondary air inlet velocity.

Provided the inlet area is large eneugh, the net effect of the partially counteracting ejector
lip suction und suppressor afterbody drag is a stati performance augmentation due to the
secondary air handled by the cjector. Given sufTicient cjector length, the amount of second-
ary air handled - and hence the static performance  continues to increase with increasing
ejector area ratio.

As the ejector/suppressor is subjected to forward velocity, a ram drag performan ce penalty
must be paid For the secondary air. This penalty, though a real component of the momen-

tum equation, is mantfested as a reduction in lip suction with forward velocity. The larger

the amount of secondary air handled statically, the greater the decrease in lip suction with

velocity. Tis, to properly evaluate the performance of a suppressor/cjector system, nuxi-
mizing the static performance is not sufficient to produce the best exhaust system for take-
off and climb-out.

The present investigation described and quantifies the mechanisms available to allow high
statie performance and minimize the rate of decrease in performance with increasing velocity
(lapse rate) while maintaining the noise suppression and installation constraints,
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Model scale testing was conducted on 28 related suppressor/ejector nozzles at velocities
from 0 to 167 kn and pressure ratios from 2 to 4. Families of suppressors were tested with
19 to 61 tubes. For most configurations, tube length was maintained at a langth compatible
with the stowable tube concept. The investigation concentrated on elliptical convergent
tubes to maxiniize baseplate ventilation while maintaining high internal performance. For
comparison, sample configurations were tested with round convergent tubes. Three ramp
shapes were used, and both close-packed and radial tube arrays were incorporated. The
nozzle area ratios, NAR = 2.75-3.3, were partially dictated by airplane installation re-
quirements and partially by the optimums suggested in reference [, Configuration-
oriented inlet losses due to ejector mounting struts were avoided by mouunting the cjector
independently, but on halance, on i separate support. Each ¢jector tested had a constant
internal arca and a 2 : [ elliptical tlightlip. The ejector area ratios investigated were 2.6,
3.1, and 3.7. The largest arca ratio was substantially larger than is considered practical

for SST application but was used to demonstrate the effect of arca ratio on performance
and lapse rate,

The report will summarize the experimental results for ali configurations tested on plots
of performance as a function of pressure ratio and velocity. The dependence of forward
velocity effects on pressure ratio will be analyzed. The importance of each of the suppres-
sor and ejector geometric parameters will be discussed separately. Crossover velocities and
the behavior of restricted inlets will be presented along with a qualitative inlet flow model.
Finally, some trends will be presented for the effects of primary jet temperature on sup-
pressor/ejector surface forees.




3.0 PARAMETERS AND DEFINITIONS

3.1 RANGE OF VARIABLES
311 FLOW VARIABLES
®  Pressure ratio: 2 4
®  Primary temperature ambient and 1 150°0F
®  Vejocity (V) 0-167 kn (0-283 ft/sec)
3.1.2 SUPPRESSOR AND EJECTOR VARIABLES

The suppressor variables and constraints for this investigation are the same as those discussed
in detail in reference 1. The suppressor area ratios were limited to 2.75 and 3.3 as a result of

the performance optimum discovered in reference 1 and in order to be compatible with
supersonic transport constraints. Figure 6 shows the suppressor and ejector variables.,
a ! I
D Vm ® . (7:] r i) =
b B - -. o
e < S LB TN T T I TS il é fi)
ol 069 Og
| xO o £50
T D ) ® 3,0 q) O
JJ Close-packed array Radial array
-
-
Suppressor Variables Ejector Variables
1 Tube number: 19-61 7  Setback: (SB/Deq = 0-0.25)
2 M stio: 2,75 and 3.3 B  Ejector arearatio: 2.6 - 3.7
(m Hé’geometric flow exit area) 9  Ejector length: LE,/Deq 2-6
LY Tube array: close-packed and radial
4 Tubeshepe: round convergent and elliptical
convergent (both converging to round exits)
5  Rampshape: ellipizal, circular arc and contoured
p Tube length: LT’IDeq =0.50-0.75"
'Deq 4 1. throughout experimental work
Figure 6.—Scppressor /Ejector—Schematic
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3.2 CONSTRAINTS
3.2.1 SUPPRESSOR CONSTRAINTS

®  Total effective exit area: 13.2 in= (geometric exit area = 13.6 in? for convergent
tubes, or approximately 1/10 scale SST)

®  Approximately 0.5 internal Mach number for convergent tubes
®  Coplinar tube exits
®  Flat baseplate (except contoured ramp configuration)

[ AI’I tubes within an array the same (e.g., a 37-tube array has 37 tubes, each with 0.36
in< ol effective How area)

®  Outside nacelle diameter hekd constant (8.89 in. to be representative of a scale SST -
nacelle)
3.2.2 EJECTOR CONSTRAINTS
® 5in. long, L[i/l)cq = 2.0 (unless otherwise stated)
1
®  Flightlip protile constant (2:1 cllipse)
®  [Ljector thickness approximately constant
®  No suppressor/cjector mounting struts (i.e., no inlet losses due to installation)
®  Constant internal area (constant geometric mixing arca)
®  Foragven sethack, axial distance from tube exit plane to the ejector throat approxi-
mately the same for all configurations
For most configurations, the ejector length was fixed at the maximum allowed on the SST
at the termination of the aircraft project (8 in. model scale). To better understand the
degree of mixing that was occurring in the fixed length, the constraint was relaxed for a
few configurations.
3.3 DEFINITIONS FOR NOZZLE AREA RATIO,
EJECTOR AREA RATIO, AND SETBACK
The various area ratios used within this investigation are defined with the aid of figure 7.
- 12 b4
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3.3.1 NOZZLE AREA RATIO (NAR)

Throughout this study the suppressor arca ratio or nozzle area ratio (NAR) refers to the
total area within a circle tangent to the outermost postion of the outside tubes divided by
the geometric primary flow area. This definition was chosen to be representative of the
physical area required to install the suppressor. Notice that configurations with conver-
gent tubes can have nozzle area ratios larger than ejector area ratios without implying jet
scrubbing on the ejectors.

3.3.7 EFFECTIVE NOZZLE AREA RATIO

The effective nozzle area ratio is defined as the area within a circle tangent to the outside
of the outer jets, at the nozzle exit plane, divided by the effective primary flow area
Cp- Ap). This area ratio is representative of the jet that must be contained by the ejector.

3.3.3 EJECTOR AREA RATIO (EAR)

Throughout the present investigation, constant mixing area ejectors are used, The ejector
area rutio is defined as the geometric ejector flow area divided by the primary nozzle geo-
metric flow iarea (Ap).

3.3.4 EFFECTIVE EJECTOR AREA RATIO

The effective ejector area ratio is defined as the geometric ejector flow area divided by the
primary nozzle effective flow arca (CD'Ap).

3.3.5 SETBACK

All nozzles in the present investigation have coplanar tube ends. The axial distance down-
stream from the tube exit plane to the ejector hilite is defined as the setback. For all
ejectors the lip shape is a 2:1 ellipse segment, and the ejector thickness is maintained
approximately constant, resulting in nearly the same axial distance to the ejector throat
for all ejectors (for a fixed setback).

14
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4.0 TEST DESCRIPTION

4.1 FACILITY DESCRIPTION AND DATA ACQUISITION

The test was conducted in the Boeing Propulsion/Noise laboratory's low-speed wind tunnel
(A). The facility, shown in figure 8, is an open-circuit tunnel with a 9- by 9-ft iest section.
Driven by a gas generator and variable pitch propeller, the tunnel velocity can be varied from 1
30 to 167 kn.* |

The multitube suppressors were installed on a forebody as shown in figure 8 and detailed
in figure 9. The dual-flow torebody, enclosing a variable-slot burner, was mounted on a
six-component wind tunnel balance located beneath the tunnel floor. The suppressor air
flow rate was measured with an A.S.M.E. long-radius flow nozzle.

The boundary layer thickness at the ejector inlet was representative of that developed on

amodel SST nacelle. To provide the appropriate inlet flow on a forebody long enough to

incorporate the burner, it was necessary to use boundary layer suction. The location of the

boundary layer suction ports is shown in figure 9, and a detailed view of the ports is shown :
in figure 10. Figure 10 also shows the results of the oil-flow run used to verify that there

were no separation regions on the forebody.

Ijectors are mounted on balance using a separate stand (fig. 9) to avoid configuration-

oriented cjector inlet strut losses. Aerodynamic forces on the ejector stand, like those of

the forebody, are removed from the Force data and treated os tares.

The temperature and total pressure profiles shown in figure 11 are typical of the experi-

mental values measured at the instrumentation cruciform (14 total pressure and 14 thermo-
couples) for nominal 1150° F test conditions.

4.2 DESCRIPTION OF NOZZLES

4.2.1 GENERAL

>

Al multitube nozzles share the following characteristics:
e Total elfective Mow arca ~ 13.2 in.2

®  All tubes within a given suppressor are the same size
®  All tube exits are coplanar

®  All tubes are convergent, having round exits, internal Mach number = 0.5 and entrance-
radius-to-tube diameter > 0. |

®  Nozzle ramp and baseplate arcas were instrumented with arca-weighted static pressure taps

*The same model hardware was used on the Boeing Hot Nozzle Test facility to acquire the static data.
Details of the static 1esting are presented in reference 2.

15
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4.2.2 ROUND CONVERGENT REFERENCE NOZZLE (R/C)

The R/C, a 10° halt-angle, round convergent nozzle (fig. 12), was used as a noise and per-
formance referee, rratio (D/d) of 1.44 and
[he externa! contour consists of al2

The nozzle has an upstream-to-exit diamete
a geometric exit arca of 13.825 in-. . half-angle
boattail, tangent to a 35.5-in.-radius arc which, in turn, is tangent to the 8.89-in. nacelle
diameter upstream.

Figure 12.—Round- Convergent Reference Nozzle

4.2.3 SUPPRESSOR RAMP SHAPES

4.2.3.1 Elliptical Ramp

Used in the majority of contigurations, the elliptical r
an ellipse with foci on the nozzle centerline.
tends to the center of the outer tube row.

amp (fig. 13) consists of a segment of
The segment is tangent to the nacelle and ex-

4.2.3.2 Circular Arc Ramp

The circular ure ramp (fig. 14) consists of a 35.5-in.-radius, circular arc that is tangent to the
nacelle and intersects the baseplate just outside of the outer tubes.
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4.2.3.3 Contoured Ramp

The contoured ramp (actually, ramp and base combined) consists of a 40-in. boattail-
radius tangent to the 8.89 nacelle diameter and terminating in a central hole coplanar
with the tube exits. Though incompatible with the stowable tube concept, the contoured
base was intended to provide maximum ventilation and cjector inlet arca and to minimize
the separation region on the base.

The contoured base was tested only on the 37-tube, arca-ratio-3.3, close-packed suppressor
with round convergent tubes (R/37) as shown in figure 15.

Figure 15.—Contoured Ramp

4.2.4 TUBE LENGTH

The stowable tube concept, as shown in figure 1, requires that the tubes be short enough to
fold into the void left as the internal ejector wall moves inward to forim the divergent portion
of the con-di transonic acceleration and supersonic cruise nozzle. Present installation con-
straints require that the tube length nondimensionalized by the equivalent round convergent
jet diameter (LT/DC( ) be approximately 0.4 for stowable tubes. The constraint was relaxed
slightly, and most configurations were tested with Lp/Dg = 0.5, The constraint was further
relaxed for a few configurations to establish the effects of tube length on lapse rate.




4.2.5 CLOSE-PACKED ARRAYS (FOUR) WITH ELLIPTICAL RAMPS AND TUBES:
19.37. AND 61 TUBES

Tests of 19-, 37-, and 61-tube, IB.()-inz, arca ratio (NAR) 3.3 suppressors were made to
investigate the natural progression of nozzles with approximately equal spacing between
all tubes i the array. Figures 16 and 17 show key dimensions for each nozzle. All tubes
are elliptical converging to round coplanar exits.,

A 37-tube, arca-ratio-2.75 nozzle was built. This nozzle is similar to the 37-tube, area-
ratio-3.3 nozzle shown on figure 17 in all respecets other than NAR.

4.2.6 R/37: 37-TUBE, NAR-3.3 SUPPRESSOR WITH CONTOURED RAMP

The R/37 configuration (fig. 15) is a I3.()95-inz, nozzle-area-ratio-3.3, close-packed
suppressor using 37 round convergent tubes of equal diameter and varying length, and
a contoured ramp. The average length of the internal constant area portion of the tubes
is 4.4 in. The nozzle was used repeatedly during the investigation as a noise and
performance referee.

4.2.7 37-TUBE. NAR-3.3, CLOSE-PACKED ARRAY WiTH ELLIPTICAL RAMP AND
R/C TUBES

To establish the effect of varying only tube shape, che R/37 nozzle was fitted with an el-
liptical ramp to produce a 37-tube, NAR-3.3, close-packed array with round convergent
tubes. To provide a ventilation parameter (1) similar to the 37-tube, NAR-3.3 suppressor
with elliptical convergent tubes, LT/Deg = 0.75 was used. Variations in tube shape and
ramp shape for 37-tube, area-ratio-3.3 nozzles are shown in figures 18 and 19,

4.2.8 RADIAL ARRAY SUPPRESSOR

The 31-tube nozzle, constructed to minimize the base ventilation by placing all tubes in
radial lines, hed an area ratio of 2.75 and used elliptical convergent tubes (fig. 20).
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Figure 16.—19- and 61-Tube Area-Ratio-3.3 Suppressors
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Figure 17.—37-Tube, Close-Packed Suppressors NAR = 2.75 and 3.3
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4.2.9 SUMMARY OF SUPPRESSOR SPECIFICATIONS

Effective Type Mean diam
Number Arca  Area R of -~ to outside
of Tubes Ratio  Ratio  Array Type Ap-in = As/l-in. Tube* (‘D of outer jet
TR/CY - - 13.825 - 0.980 4,186 in.
19-Tube 3.3 3 Close-Packed 13.610 5979 EC. 0.983 7.262 in.
37-Tube 3.3 Qi Close-Packed 13543 6,197 E.C. 0.968 7.243 in.

37-Tube
(R/37)y 3.3 R Close-Packed 13.695 5.269 R.C. 0.956 7.432 in.

O01-Tube 3.3 3.1 Close-Packed 13.6160  6.064 E.C. 0.969 7.257 in.

37-Tube 278 2.7 Close-Packed 13,432 4.369 E.C. 0983 6.703 in.

3t-Tube 178 27 Radial Array  13.610 E€. 0970 6.703 in.
(M=0.65)

Percent of total flow exiting from outer row: 63%, 48%, and 387 for the 19-, 37-, and 61-
tube, close-packed arrays, respectively; 38% for the 31-tube radial array

*1..C. elliptical converging to round exit (M=0.5)
R.C. round converging to round exit (M-0.5)

**Using CD from reference |

Detailed dimensions available for all configurations on Boeing drawing number 5457-0
through -8 and -10, -11 and -27

4.3 EJECTORS
4.3.1 GENERAL

Each ¢jector in the present investigation has a constant internal area. Tests were made over
a range of effective ejector area ratios divided by effective nozzle area ratios from 1.0 to
1.4 (Rg-/]{-in = 1.0 to 1.4). Ejector area ratios (EAR) investigated were 2.0, 3.1, and 3.7,
For most configurations, the tightest possible ejector was designed so that the wall of the
ejector would coincide with the outermost boundary of the over-expanded plume of a jet
issuing from the outer tube row at the highest pressure ratio (4.0, see fig. 3). Although the
largest area ratio (3.7) was considered too large to be practical for SST application, it was
used to demonstrate the effect of area ratio on lapse rate and performance.
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The ejector length is delined as the distance from the suppressor exit plane to the ejector
exit (measured with setback = 0), This delinition describes the distance in which the mix-
ing process occurs. When sethack equals zero, the ejector hilite is coplanar with the nozzle
exit plane. The ejector length, constrained »y SST installation reqquirements, was held at
L1:/Deq = 2 (e, 8in. model scale) for most conligurations. This constraint results in
cjector-lfength-to-mdividual-jet-exit diameter ratios of 8.5, 12, and 15.4 for the 19-, 37-,

and 61-tube nozzies, respectively. Reference 5 shows that the ejector length to jet diameter
ritios of the 37- and 61-tube nozzle are suflicient to produce complete mixing from a peak
thrust standpoint.

To establish the effect of the SST length constraint, the requirement was relaxed for a few
contigurations. Because the required mixing length increases with area ratio, the largest
arca ratio ejector (3.7) was also huilt with Lii/Deq = 6.0 (24-in. length). This results in an
cjector length to individual jet diameter ratio of 36 for the 37-tube nozzles.

As shown in tigure 21, the ejectors were designed with 2 ¢ 1 elliptical flight lips to minimize
inlet losses (ejector thickness was maintained approximately constant for all ejectors). Con-
figuration-oricnted inlet losses due to ejector mounting struts were avoided by mounting

the ejectors independently (but on the same balance) on a separate strut as shown in figure
22, Ljector area ratios were chosen so that suppressor and ejector area ratios could be varied
while the radial distance between the outer jets and ejector wall was held constant. This
condition prevails when the EAR 2.6 ejector on a 2.75-arca-ratio nozzle is compared with

an EAR-3.1 ejector on a 3.3-nozzle-area-ratio suppressor.

All cjectors were instrumented with static pressure taps. Those on the lips of the ¢jectors
were arca-weighted and in line with and hetween representative jets. Taps on internal con-
tours were also in line with and between representative jets. The external contour was
instrumented with arca-weighted taps.

I -
0170 [T —8.00
|- —0.340 N
| L L
AT x =
R OOGO-;EGS
0.585 | -~:§.\:\\%\:\\ \ %
s N\ AN
TP
=2:1 Ellipse
i |
PR 3.33R for EAR 2.6
' 368R for EAR3.1 |
7.840 diam (ref) for EAR 2.6
8. 550 diam (ref) for EAR 3. 1| J’
8.180 (ham for EAR 2.6 | 42.00 R
8.890 diam for EAR 3.1 Totnt j
L (ref)
|

Figure 21.—Area Ratio 2.6 and 3.1 Flight Lip Ejectors
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Figure 22.—View of Ejector Inlet: 19-Tube, NAR-3.3, Close-Packed Array With
Elliptical Ramop, EAR 3.1 Ejector, Zero Setback

4.3.2 SUMMARY OF EJECTOR SPECIFICATIONS (See figs. 21, 23 and 24)

Effective
Ejector  Ejector Ejector
Arca Area Arca
Ratio  Ratio  Meun R¢j  Rp RO Lg* LA Lg  (in2)
(in.)
2.0 2.7 3.33 3.74 4.09 8 6.83 1.17 34.9
3.1 3.2 3.678 4.28 4.45 8 .83 1.17 42.5
3.7 3.8 399 4.07 5.00 8 0.67 1.33 50.1
3.7 3.8 3.990 4.07 5.00 24 22.07 1.33 50.0

e ————t———————

*Length of ejector measured axially in inches from the ejector hilite to the gjector exit

plane

/-—— 2:1 Ellipse

1 4

Ry R
H "E
Lol festy

Figure 23.—Ejector Dimension Definition Sketch
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= 1.33 i 22 67 J’\J -
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Figure 24.—Area Ratio (EAR) 3.7 Flight Ejectors L E/Deq =2and 6
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5.0 EXPERIMENTAL PERFORMANCE RESULTS

5.1 INTRODUCTION
Gross thrust coeflicient as a Tunction of pressure ratio and velocity are summarized in this
chapter Tor each of the suppressor/ejector contigurations investigated. Carpet plots are used

to allow determination of performance at intermediate pressure ratio and /or velocity points.

Although the values ol (‘;‘g change with configuration, the general shape of all bare suppressor
performance curves is that shown on figure 25.

98

¢ Figure 25.—General Form of Performance Carpet Plots for Bare Suppressors

Typical trends for multitube bare nozzles are:
{ ®  Maximum static performance occurs between pressure ratio 2.5 and 3.0.
®  [uapse rate, IACt- @A Vee, decreases us pressure ratio increases.
u

1 £

®  Thus, peak performance decreases and shitts to a higher pressure ratio as velocity increases.
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The general shape ol the suppressor/ejector perlormance curves is shown in figure 26.
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1.00
c, 98 #\ 1
q nj:q \ \ \\ \\
96+ \ \ \ b
\ gakn b 20 k
e L N
N\ N \
- \ % e N,
Ao A N ~ 7
£ © ¥ Jo
aal N\ ﬂ": L, ] =

* A
hY “
90l N 187 kn

Figure 26.—General Forrm of Carpet Plots for Suppressor /Ejector Performance

Typical trends for suppressor/ejector nozzles are:

®  Over the range of pressure ratios investigated (2-4), the maximum static performance
occeurs at or nedr pressure ratio = 2.

®  The lapsc rate, while still decreasing with increasing pressure ratio, is much larger (steeper)
For ejecters than for similar bare suppressor cases.

°

Thus, relative to a bare suppressor, as the velocity increases, the rate of performance

decrease is greater and the pressure ratio at which the peak performance occurs moves
to a higher value for the ejector case.

5.2 LIST OF PERFORMANCE CURVES

The following list indexes the summary performance (gross thrust coefficient) plots versus
pressure ratio and velocity, Unless otherwise indicated, the configurations incorporate
L‘T/ch =0.5, L/Dyq = 2.0, elliptical ramps, elliptical convergent tubes, and ambient jet

=

ST

temperature (figs. 27 t‘lrough 60).
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3
) Configuration Versus Figure Number
Conliguration FFigure
Number
No. of
tubes NAR | AR SB'Deq Array
i - - - Reference nozzle 27
19 33 none | - c.p. 28
19 3.3 31 025 jCp. 24
19 3.3 3.7 0 C.p. 30
J 19 33 3.7 0.25 | P 31
37 275 | 2.6 0.25 | C.P. 32
37 2.7° 1 3.1 0 C.pP. 33
37 3. 78 | 3l 0.25 | C:P. 34
37 2.75 | 3.7 0 CP. 35
i 37 2.75 | 3.7 0.25 | C.P. 36
37 2.75 | 3.7 0 GP. I.[.,’I)c(l = 6.0 37
87 3.3 none - .p 38
37 3.3 3.1 0 c.r. 39
37 3.3 3.1 0.25 | C.P 40
87 3.3 3.7 0 C.P. 41
82 | 83 |31 |® CP. Lp/Dg, = 075 42
37 133 |31 1 0125) CP. [Lq/Deq = 0.75 43
37 3.3 3.1 0:25 | GP. LT/ch = 0.75 44
37 3.3 none | - C.P. [Circular ar¢ ramp 45
87 3.3 3.1 0.25 | C.P. |Circular arc ramp 46
37 33 none - c.p. LT/ch = 0.75, round conv. tubes 47
37 33 3.1 0.25 | CI. LT/ch = 0.75, round conv. tubes 48
37 3.3 3.1 0 C.P.  |Contoured ramp 49
37 3.3 3.7 0 C.p Contoured ramp 50
6l 3.3 none - G, 51
61 33 3.1 0 C.k. §2
61 3.3 3.1 0.25 || C.P. 53
31 2.75 | none - Radial 54
31 2.75 '} 2.6 0 Radial 56
31 275 | 26 0.25 | Radial 56
31 B7s 180 4@ Radial 57
31 270 M 0.25 | Radial 58
31 208 | 8.7 0 Radial 59
31 | 278 (31 |0 Radial | Lp/Dg, = 0.75 60
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Figure 27.—Gross Thrust Coefficient for the Round Convergent Reference Nozzle,
No Ejector
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Figure 28 —Gross Thrust Coefficient for 19-Tube, NAR = 3.3, Close-Packed Array

Without Ejector
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92 TT = ambient
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Elliptical convergent tubes

80} EAR =3.1
LE/Deq =2.0
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Figure 29.—Gross Thrust Coefficient for 19-Tube, NAR-3.3, Close-Packed Array
With EAR = 3.1 Ejector (Setback 0.25)
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Figure 30.—Gross Thrust Coefficient for 19-Tube, NAR = 3.3, Close-Packed Array
With EAR = 3.7 Ejector
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Figure 31.—Gross Thrust Coefficient for 19-Tube, NAR-3.3, Close-Packed Array

With EAR = 3.7 Ejector (Setback 0.25)
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EAR =26

X B8 LEmm =20
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(
Figure 32.—Gross Thrust Coefficient for 37- Tube, NAR = 2.75, Close-Packed Array
With EAR = 2.6 Ejector (Setback 0.25)
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Figure 33.—Gross Thrust Coefficient for 37-Tube, NAR =2.75,
lose-Packed Array With EAR = 3.1 Ejector
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Figure 34.—Gross Thrust Coefficient for 37-Tube, NAR = 2.75, Close-Packed Arrav

With EAR = 3.1 Ejector (Setback 0.25)
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Figure 35.—Gross Thrust Coefficient for 37-Tube, NAR = 2.75, Close-Packed Array
{ With EAR = 3.7 Ejector
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Figure 36.—Gross Thrust Coefficient for 37-Tube, NAR = 2.75, Close-Packed Array
With EAR = 3.7 Ejector (Setback 0.25)
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Figure 39.—Gross Thrust Coefficient for 37-Tube, NAR = 3.3, Close-Packed
Array With EAR = 3.1 Ejector
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Figure 40.—Gross Thrust Coefficient for 37- Tube, NAR = 3.3, Close-Packed Array
With EAR = 3.1 Ejector (Setback 0.25)
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Figure 42.—Gross Thrust Coefficient for 37- Tube, NAR = 3.3, Close-Packed Array
(L T/Deq =0.75) With EAR = 3.1 Ejector
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Figure 43.—Gross Thrust Coefficient for 37-Tube, NAR = 3.3, Close-Packed Array
L T/Deq =0.75) With EAR = 3.1 Ejector (Setback 0.125)
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6.0 ANALYSIS

6.1 INTRODUCTION

This section analyzes the experimental results (sec. 5) and establishes trends by comparing
pertormance and surface forces for the various parameters investigated.
The dependence of forward velocity effects on pressure ratio is discussed first. The section
includes bare-nozzle and suppressor/ejector descriptions of the effects of pressure ratio and
velocity on suppressors with and without ejectors. The “cross-over” velocity (maximum
velocity at which an ¢ejector is beneficial to performance) is considered as well as the
behavior of restricted ejector inlets.
The pressure ratio is then fixed: and variations in performance with velocity, due enly to
chiamges in geometry, are considered. An example suppressor with various ejectors is con-
sidered in detail. Then the general suppressor geometry effects are discussed, following
which there is a discussion of the ejector including the description of qualitative inlet {low
model and performance effects due to ejector geoneetry. Finally, a brief discussion of the
effects of temperature on the surface forees is presented.

6.2 THE PRESSURE RATIO DEPENDENCE OF FORWARD VELOCITY EFFECTS

6.2.1 BARE SUPPRESSOR PERFORMANCE

Atany fixed velocity, alterbody drag always becomes a decreasing percentage of ideal

primary thrust as pressure ratio increases. The decrease is not usually linear. Reference 2
shows details of these effects statically.

For a lixed pressure ratio, the base drag lincarly increases with velocity.

For a fixed pressure ratio, the ramp drag increases in proportion to velocity squared. Thus, for
a hixed pressure ratio, the atterbody drag (the sum of the base and ramp drags) has a slightly
non-limear increase with velocity. The static performance of multitube nozzle without ¢jectors
has been shown to be optimum at pressure ratios between 2 and 3 (ref. 1). The combination of
the above etfects results in a typical behavior of bare multitube nozzles as shown in figure 61.

6.2.2 SUPPRESSOR/EJECTOR PERFORMANCE

6.2.2.1 Preamble

The additional of an ¢jector to an exhaust system subjected to forward velocity creates these
additional concerns:

L Ljector lip suction

® Increased suppressor afterbody drag
L Ljector pressure drag (constant area)
®  Skin friction losses

L Ram drag penalty
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6.2.2.2 Ljector Lip Suction

As the suppressor jets mix with surrounding air, flow is entrained by the jets. Ambient air

moves into the regions ol pressure depression created by the entrained air. When an ejector

is installed, this replacement air must flow into the ¢jector through the complex inlet pro-
vided between the outer row suppressor tubes, Ag, and through the annular opening be-
tween the outer tube row and the ejector lip, A p, (see fig. 62). This inlet Now affects
gjector lip suction and suppressor afterbody drag. ‘The lip suction, a result of the pressure
reduction caused by the high velocity flow entering the inlet, becomes a decreasing per-
centage ol ideal primary thrust as pressure ratio increases (i.e., the lip Torce increases by a
smaller amount than the ideal thrust),

6.2.2.3 Suppressor Afterbody Drag

Countering the perlformance benefit ol the lip suction is the increased level of afterbody
drag resulting from the presence ol an ¢jector. At any fixed velocity the afterbody drag
becomes a decreasing percentage of the ideal primary thrust as pressure ratio increases.
The result is the same as for the suppressor without ejector, except the absolute levels are
higher. At any fixed pressure ratio both the afterbody drag and lip suction become de-
creasing percentages ol the ideal primary thrust as velocity increases. (These subjects are
treated in detail later.)

6.2.2.4 Ejector Drag

The present investigation considers only constant arca mixers; thus, the only ejector pres-
sure drag to consider is the ¢jector boattail drag, which is independent of pressure ratio.
The dependence of ¢jector pressure drag on velocity is covered in section 6.3.7.1.

6.2.2.5 Ram Drag Penalty

At a fixed velocity the amount of secondary air increases as pressure ratio increases (un-
less the inlet How is choked). Therefore, by definition, the amount of ram drag increases
with increasing pressure ratio. Though it is a real component in the momentum equation,
the ram drag physically manifests itself as a change in lip suction. The effect of pressure
ratio on ram drag is a sccondary concern compared to the velocity eftects on lip suction
due to ram drag.

6.2.2.6 Resulting Performance

The set result of the above parameters is a pressure ratio dependence of overall performance

which is sinilar to that ol the bare suppressor case but with steeper lapse rates. Figure 41

shows the performance of the suppressor (shown bare in fig. 38) with an area ratio EAR 3.1

¢jector installed. The skin Friction, ram drag, afterbody drag, and ¢jector pressure drag all
increase with velocity and thus increase the lapse rate Tor the ejector configuration. Since

increasing pressure ratio decreases both afterbody drag and lip suction with velocity (either

one of which can be dominant), the lapse rate dependence on pressure ratio for these com-
ponents can go cither way. At a fixed velocity both the lip suction and base drag become
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Figure 62.—Ejector Inlet Area A 5 and Ag
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decreasing percentages of the ideal thrust as the pressure ratio increases. The lip suction
has a stronger dependence on pressure ratio than does the base drag. Thus, over tue range
of pressure ratios investigated (2-4), the static gross thrust coefficient for suppressor/
ejector nozzles is always at or near the maximum value at pressure ratio 2.0.* (See ref. 2.y
The lip suction decreases with forward veloceity due to the ram drag penalty. The net re-
sult is a decrease in performance with increasing velocity and an upward shift in the pres-
sure ratio at which maximum performance occurs. These performance effects are readily
ipparent on the summary plots of gross thrust cocfficient versus velocity and pressure
ratio shown in section S,

6.2.2.7 Crossover Velocity

A typicat comparison of lapse rates For the ¢jector and bare suppressor configurations is
shown on figure 63. The figure shows the performance crossover velocity (i.e., the velocity
above which the cjector becomes g performance handicap) at cach pressure ratio. The
crossover velocity decreases slightly with creasing pressure ratio and approaches a con-
stant value. This trend held true for gl configurations investigated where the inlet was not
restricted,

6.2.2.8 Behavior of Restricted Inlet

IF the crossover velocity is strongly dependent on pressure ratio, it is due to a restricted
let. In these cases, as the pressure ratio increases, the ejector demands more air than can
be brought through the inlet. At Jow pressure ratios this is manifested as increasing inlet
losses, resulting in a crossover at a lower veloeity as pressure ratio increases. As the pres-
sure ratio continues to increase, the demand for secondary air increases until supersonic
Mow oceurs at the ejector throat(monitored on static wall taps). ‘This situation arises on
“tight™ ejectors without sufficient setback (such as the configuration in figures 39 and 42
in section 5). As the pressure ratio producing the inlet choking is approached, a steeper
decrease in performance ustially occurs. The experimental technique of mounting the
¢cjector separate from the suppressor provided insight into another characteristic of the
cjector behavior as inlet choking occurs. When the pressure ratio is sufticient to produce
static pressures at the ejector throat indicating supersonic flow. the cjector begins to vi-
brate so violently that the flow must be shut down. The severe vibration and additional
performance losses are attributed to shock-induced flow separations. (The vibration is low
frequency <2200 Hz. and produces excursions greater than can be produced by manually
pushing on the side ol the ejector.)

The pressure ratio at which this phenomenon oceurs is dependent upon the effective inlet
area ol the ejector. The effective inlet area is not presently a quantitative item; rather, one
can only observe its efTects by looking at curves presented in section 5 and noting the con-
figurations where data could not he acquired over the entire pressure ratio range.

*The actual peak static (‘|‘g OUCUTS at a pressure tatio << 2.0 for mosl configurations,
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As the EAR/NAR and setback increase, the occurrence of inlet choking moves to higher
pressure ratios. The effect of inlet area on the pressure ratio at which supersonic flow
oceurs at the ciector throat is shown on figure 64. The only differenee in configurations
is that the upper carpet has 507 longer tubes. In both eonfigurations, the ejector hilite is
coplanar with the tube exit plane, The major effeet on the additional tube lengths is the
displacement of the entire earpet to a higher performuance. The lapse rates are nearly the
same and the onset of ejector vibration occurs at only a slightly higher pressure ratio. This
behavior suggests that the amounts of secondary airflow going between the tubes is a small
pereentage of the total secondary mass flow (i.e., most of the air enters the ejector in the
annulus, A 5, between the outer tubes and the ejector lip). The shift to higher perform-
ance is primarily due to a large decrease in base drag provided by the small increase in ven-
tilating flow going between the tubes and the increased static pressure gradient between
the lip and baseplate.

Reterence 2 shows the static lip suction for these two cases to be the same at pressure
ratio 2.8, for example, while the atterbody drag/FID is 9% less for the longer tubes. Now
consider the same ¢jector and suppressor exeept with the short (LT/De = 0.5) tubes and
a setback (L |;/ch = 0.25). Thus, the total axial distance from the baseplate to the ejee-
tor hilite is the same as that for the long tube case just considered, but the annulus area A
has been substantially increased. The carpet for this configuration is shown in figure 65
(along with a repeat of the carpet for the same tube length but zero setback from figure
64). The performance of this configuration at pressure ratio 2 is between that of the other
configurations considered above. As pressure ratio inereases (requiring more secondary
air), the configuration with short tubes and setback not only out-performs the other two,
but it continues to operate statically at a pressure ratio up to 3.5 while the others begin to
vibrate at 2.8,

There are several reasons for this behavior. The afterbody drag for the short tube config-
uration with setbaek is only 0.5% gr cater.than for the long tubes without setback (com-
pared to the 9% penalty of the short tubes without sctback). The larger annular opening
on the sethack case ullows the sccondary air to enter the ejector at a lower velocity than

it did for zero setback. The reduced velocity decreases the lip suetion and this, combined
with the afterbody drag relationship, results in the overall performance difference between
the two no-setback cases at low pressure ratio. As the pressure ratio inereasces, the restricted
inlets cannot pass any more air, while the setback case benefits from: (1) a nearly constant
lip suction/E1D until pressure vatio = 3.0 and (2) a continued increase in secondary air-
flow until pressure ratio = 3.5,

Setback provides a niechanism For obtaining the appropriate inlet arca neeessary to opti-
mize the performance at any given pressure ratio. The amount of setbaek required for
peak perfonmance increases as pressure ratio inereases because of the increased demand
for secondary air. At a fixed pressure ratio there is an optimum setback for cach suppres-
sor ejector combination. If the setback is too small, supersonic flow can occur. For small
increases in setback, the lip velocity (hence lip suction) decreases but the base drag benefit
mereases substantially. The ~ketches in figure 66 show typical performance.

79




I

1.06

1.04

1.02

1.00}

98

96

.84

90}

.88

86}-

.84

LT/Deq =0.75 carpet

L-r/Deq = 0,50 carpet

*Severe shock-induced ejector vibrations
prevented aqutisition of data at higher VT =168
pressure ratio

Figure 64. — 37-Tube, NAR = 3.3, Close-Packed
EAR = 3.1 Ejector With Zero Setback

80




7

S8/D,, = 0.25

TT = ambient

LT ,Deq =06

Elliptical ramp

Elliptical convergent tubes
EAR = 3.1

Lg Deq =20

' "Severe-shock-induced ejector vibrations

prevented acquisition of data at higher
pressure ratio

Figure 65.—Performance Carpets for Different Setbacks of the EA R-3.1 Ejector

ona 37-Tube, NAR-3.3, Close-Packed Array With Tube Length
Equal 0.5 Deq




] Optimum
| setback

V_ = const

oo

PR = const

' Optimum
Setback I setback
C
| fq
[
|
|
|
—-"—Dh"“ I Setback
FID |
!
| O Choked inlet flow
J \
|
- A
Setback

Figure 66.—Schematic of Performance Versus Setback

Reference 2 covers the details of the required setback statically. Forward velocity requires
mereasing setback (at a fixed pressure ratio) to produce peuak performance and minimum
lapse rate. (See sec. 6.3.) :

The oceurrence of the ejector vibration moves to slightly higher pressure ratios as velocity
increases for a fixed geometry because of the inlet ram effects.* |f static tests do not nion-
itor supersonic flow at tlhe ejector throat over the desired pressure ratio range, one can be
confident that the low-speed performance will not be uffected by this problem. Some
available information suggests that a vibrating ejector stabilizes and the rate of performance

*Pop freestrean: increuses relative to PTI’ as velocity increases and the prassure ratio is held constant.
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loss decreases it the system is driven to even higher pressure ratios. This situation is shown
i tigure S5 where the static run could be pushed on to stable performance at pressure ratio
4 while the vibration first occurred at pressure 2.6. (Concern for the turboprop at the exit
ol the tunnel in the event of hardware tailure precluded such attempts during wind tunnel
testing.)

Within the present context, presumed inlet choking associated with the ejector vibration
means only that supersenic tlow was monitored by wall static pressure taps at the cjector
throat. The e¢jector instrumentation inclided pressure taps in line with as well as in between
onter row jets. The supersonic flow is noted at the tangent point between the lip and con-
stantarea portion of the ejector and occurs around the entire circumference of the cijector
(not just in hine with the jets).

6.3 FORWARD VELOCITY EFFECTS (CONSTANT PRESSURE RATIO)

6.3.1 INTRODUCTION

Section 6.3 discusses the effects of velocity on performance as the geometric parameters
are varied while maintaining a constant pressure ratio of three. The trends apply to other
pressure ratios as well and quantitative values at pressure ratios from 2 to 4 can be obtained
from the performance curves presented in section 5.

6.3.2 IDEAL THRUST

Increasing wind tunnel velocity, produced by a turboprop at the tunnel exit, is accompanied
by a decrease in freestream static pressure P, while the Freestream total pressure, Py,
remanns constant (neglecting tunnel infet losses). Actual forward velocity produces a con-
stant freestream static pressure while the freestream total pressure increases. In the wind
tunnel, it nozzle pressure ratio (P1p/Pu) is held constant, the ideal thrust decreases with in-
creasing velocity, Il'l"”; p [ is held constant in the tunnel, the ideal thrust increases with
velocity, For convenience and consistency in data presentation, nozzle pressure ratio is held
constant throughout the present investigation.

In mrplane evaluation it is necessary to account for the changes in pressure ratio with veloe-
ity due to the ram effect and engine power settings. The performance for any required com-
bination of pressure ratios and velocity can be constructedd using the carpet plots presented
in section 5,

6.3.3 DISCHARGE COEFFICIENT

Discharge coethicient is defined as the measured primary tlow rate divided by the ideal
weight flow rate of a jet expanded to ambient conditions. Below nozzle choke pressure
ratio, the ideal weight flow is a tunction of pressure ratio, while above the choke pressure
ratio, the ideal weight flow is a function only of the stagnation conditions. The presence
of an ¢jector reduces the actua static pressure to which the primary nozzle expands. Thus,
below primary choke the discharge coefticient is affected by the presence of the ejector.
Above choke the discharge coelticient should not be affected by the ¢jector presence.




s —

All experimental data acquired during the present investigations were above pressure ritio

2.0, Porall these contigurations the discharge coclficient was completely independent
of all ejector parameters (+0.25%). The discharge coefficient was also independent of for-
ward velocity, Reference 1 presents the Cpy values for the various suppressors. The caleu-
lated primary nozzle exit area increase, assuming a lincar nozzle perimeter growth with
mcreased jet temperature, resulted in discharge coefficients that were independent of jet
temperature,

0.3.4 BARE SUPPRESSOR PERFORMANCE

I'hie low-speed performances of various suppressors are shown in figure 67.
The followmg trends oceur:

®  Fora constant nozzle arca ratio the lapse rate is nearly constant. Comparison of the
19-, 37-, and 61-tube, NAR-3.3 suppressors with eHiptical ramps and elliptical conver-
gent tubes shows a 2.8% variation in the static performance duc to a combination of
mcreasing internal losses and increased base drag resulting from the ventilation as the
number of tubes increases. Because ol the lupse rate to 167 kn, s reduction in Cf, of
3.4%, 487, and 4.9% occurs for the 19-, 37-, and 61-tube conligurations, respectively.

The 19-tube nozzle henefits from significantly better ventitation paths than the other
nozzles,

The base drag increases lincarly with velocity as shown on Figure 68. Though the
static level of base drag is strongly dependent on ventilation, the rate of change of
drag with velocity shows only 4 second order influence of ventilation (i.e., the static
basc drag of the 61-tube suppressor is 2.8% greater than that of the 19-tube nozzle,
vet the merease in the difference in drags at 167 kn for the two configurations is only
0.75%). Yor alt three configurations the ramp drag was fess than 2% of the ideal thrust
at 167 kn and the variation in ramp drag was at most 0.3% (greatest ramp drag being
on the 61-tube nozzle). The ramp drag increases behaved in proportion to the square
ol the velocity. 1t is this ramp drag which produces the slight nonlincarity in the per-
i formance lapse rates shown on figure 67.

Figure 67 also shows the cffects of these parameters on lapse rate. The 31-tube, NAR-2.75
radial array demonstrates the smatleat lapse rate of the multitube vozzles investigated. Its
shallow Erpse rate is due to its lower nozzie arca ratio and good base ventilation. AL 167 kn
the ramp drag for the contiguration was 2% ol the ideal thrust (which is nominally the same
virtue as for NAR 3.3 suppressors with elliptical ramps). The base drag/F1D was only 1.4%
at 167 kn for the 31-tube radial array compared to 5.5% for the 37-tube, NAR-3.3, c¢lose-
packed array. At 115071 the value of ramp and base drag decreased slightly (1.9% and 1.4%
of ideal thrust, respectively, for the 31-tube nozzle at 167 kn). Figure 67 also demonstrates
that, for suppressors with constant nozzle arca ratio and ventilation, the lapse rate is nearly
independent of ramp shape and tube shape.
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Figure 67.—Effect of Velocity on the Performance of Suppressors Without Ejectors
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Figure 68.—Effect of Velocity on Base Drag as a Percentage of Ideal Thrust for NAR 3.3
Suppressor With Various Numbers of Tubes (No Ejectors)




6.3.S SUFPRESSOR/EJECTOR PERFORMANCE: AN EXAMPLE SUPPRESSOR WITH
VARIOUS AREA RATIO EJECTORS

Ljector/suppressor interactions ire first examined using various ejectors on 2 particular
suppressor. The 31-tube, NAR-2,75 radial suppressor was fitted with various ejectors of
constant fength, Ly "I),_-q = 2.0, Ejector area ratios (EAR) cover the useful range from
EAR = 2.0, where the outermost Jjet plumes nearly impinge on the ejector, upto

EAR = 3.7, the limit of sufficient cjector length for mixing,

I'tie various performance components are discussed separately below, The principal trends
and tradeofls also apply to aff ot ier configurations investigated, though levels of perforns-
ance wilt vary from one suppressor to another,

6.3.5.1 Base Drag

The drag on the flat baseplate increases Imearly with velocity for configurations tested. The
31-tube nozzle has good ventifation and a small nozzle area ratio resulting in relatively smaff
vilues of base drag. Fignre 69 shows the base drag of this nozzie as a function of velocity
for various cjector area ratios. The trends shown display the fundamental reaction of base
drag to the presence of an ejector with forward velocity. The dominant effect of the cjec-
tor on base drag is to alter the level and not the rate of change of base drag with freestream
velocity.

Ihe pressure near the outside of the baseplate produced by thie velocity of the air entering
the ejector causes farge clinges in the base pressure and, hence, drag. Figure 69 shows that
the base drag with the ejector having the most restricted inlet is nearly five times as great as
that with the no-ejector, Using setback 1o increase the anmufar inlet to the ejector and
fower the velocity of the inlet air results in a substantial reduction in base drag.

As forward velocity Increases, the momentum of the secondary air resists turning to enter
the recirculation region between the tubes near the baseplate. The refated reduction in
pressure on the boundary of thie recirculation region results in an increase in drag with
vefoaity. The base drag increases lincarly with velocity and, to u first order, the rate of
change is independent of the ejector area ratio and setback. A second order elfect causes
an additional increase in the rate of changes in base drag with velocity as ejector area ratio
increases,

Summuarizing, base drag has the foflowing characteristics:

®  fuis primarily dependent on the suppressor ventifation and effective ejector inlet arei,
which causes Lirge changes in the level of performance,

® Increases fineurly with velocity.,

®  Rate of change in base drag with velocity is nearly independent of ¢jector geometry or
setback and fas nearly the sfope of the no-ejector case.
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Figure 69.—Base Drag as a Percentage of Ideal Thrust for Various Ejectors

on the 31-Tube, NAR 2.75 Radjal Arra v Suppressor




®  Asasccond order effect, the rate of ciiange of base drag with velocity increases as the
clector ared ratio increases,

6.3.5.2 Ramp Drag

The ramp drag (detailed in sec. 6.3.6.2) is a function of the square of the velocity. The
presence ot an ejector affects the level of the ramp drag statically but does not fftect the
rate ot change of rump drag with velocity.

6.3.5.3 Afterbody Drag

The sum of the hnear base drag and nonlinear ram p drag is shown in figure 70 as a function
of the velocity for the 31-tube suppressor and various gjectors,

6.3.5.4 Ejector Lip Suction

Ejector Hip suction decreases with increasing velocity. Over the range of ejector area ratios
investigated, the level of lip suiction is primarily determined by the static performance be-
cause the rate of change of lip suction with velocity is reasonably independent of configura-
tion for cjectors with sufficient fength and unrestricted inlets*. The nonlincar decrease in
lip suction witl velocity is due to the movement of the stagnation point on the lip and the
decrease in secondary air handling due to the ram p drag penalty and possible decreased in-
let recovery,

Figure 71 demonstrates lip toree as g percentage of ideal thrust versus velocity for various
cjectors fitted to the 3i-tube, NAR-2.75 suppressor. Notice that the 3.7% decrease in lip
suction/FID from static to 167 kn holds even though the level of the EAR-3.1 with zero
setbuck configuration is 5% higher than the EAR-2.6 configuration with setback. Two ex-
ceptions are shown in the figure. The FAR 2.6 ejector without setback has an inlet that is
so restricted that the secondary air is supersonic at the throat at pressure ratio = 2.7, Se-
vere ejector vibrations due to the shock-induced flow instabilities prevent the acquisition
of data at pressure ratio 3.0. As mentioned in the discussion of pressure ratio effects, per-
formance decreases rapidly (with increasing pressure ratio) just prior to the onset of cjector
vibration. It was also noted that the pressure ratio at which supersonic throat flow occurs
moves to shightly higher vatues as the velocity increases. ** The combination of these effects
produces the decreased lapse rate noted for the restricted inlet of the LAR-2.6 ejector with
zero sethback (shown at PR = 2.7). The implication is that, had the ¢jector inlet been
shightly farger, the lip suction at tow velocity would have increased to result in a lapsc rate
of nearly the 3.7% noted for the otlier configurations. The other exception noted in figure
7t demounstrates the dependence of ejector performance on ejector length, As the ratio of
the ejector-to-suppressor area ratios (FAR/NAR) inncreases, more ejector length is required

ettt g

“Theoretically (ref. 6), lip suction increases as ejector area ratio increases.
**Probably a ram effect due to increased Py freestream (relative to Ppp)
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Figure 70.—Afterbody Drag Versus Velocity for a 31- Tube, NAR = 2.75 ¢
Radial Array With Various Ejectors
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to produce optimum mixing. Though the subject of cjector length is treated separately
(eee. 0.3.7.9) 0t s instructive to note that, on the chiosen NAR-2,75 suppressor fitted with
various area ratio ejectors of constant length (LE/Deg = 2.0), the EAR 3.7 ejector is not
long cnough to provide sufficient mixing. The result is a decrease in entrained secondary
air and. in turn, a decrease in the velocity of the air entering the inlet. Thus, the lip suc-
tion did not change as much with forward velocity as it did in the other configurations.
The short (L/Deg = 2.0), EAR-3.7 ejector fitted to the NAR-2.75 suppressor shows no
decrease i lip suction/FID above 90 kn.,

6.3.5.5 Gross Thrust Coefficient

The gross thrust coefticients for the various ejectors fitted to the 31-tube. NAR-2.75 sup-

pressor are shown in figure 72 as a function ol forward velocity. The primary components

affecting the lapse rate are the surtace torees shown in tigures 70 and 71, Onedimensional

cjector theory (ref. 6) requires an inerease in secondary air handling and lapse rate with

incredasing ejector area ratio. For the FAR 2.6 and 3.1 ¢jector ares ratios investigated, the

dominant eifect ol the ejector is to shift the level of perfoimunce and not to produce a

laree change in lapse rate. Thus, the primary etfect of the changes in EAR and setback for ¥
these conligurations s to alter the effective ejector inlet arca into which a nearly fixed

amount ol secondary air must low,

The EAR 2.6 ¢jector provides such a restricted inlet that supersonic inlet Now occurred at
a pressure ratio of 2.8, By increasing the setback (SB/Deq) to 0.25, the effective inlet was
increased sutticiently ta eliminate the supersonic flow problem and produce substantial
reductions in both lip suction and afterbody drag, resulting in a favorable tradeoff for a
net increase ot 1.2% at all velocities. The EAR 3.1 ¢jector, on the other hand, has enough
infet arca (FAR/NAR = 1.13) that zero setback produces slightly better performance than
the SB/Deg = € 25, (The actual peak performance oceurs at an intermediate setback.)
Notice that the small change in performance (<0.5%) at these two setbacks is a result of
more than 3.57 change in lip suction and base drag. The EAR 3.7 ¢jector ol the sume
physical length as the others has insulficient mixing length to entrain the required amount
ol'sccondary mir. The eflects of the decreased secondary air handling is twolold; the static
performuance is less than the FAR 3.1 ¢jector because of insulticient lip suction, but lapse
rate is also less, suggesting higher crossover velocity. The crossover velocities are greater
than 167 kn Tor all cjectors used with the 31-tube suppressor except the restricted inlet
case of LAR 2.6 without setback.

I'he performance ol the same set of ejectors on a different suppressor (37-tube, NAR-2.75,

close-packed) is shown in figure 73 tor comparison. The performance levels are lower than

those tor the 31-tube, NAR-2.75 radial (Tig. 72) due to the decrease in ventilation on the )
close-packed array. The lapse rates are similar for the EAR 2.6 and 3.1 ejectors with SB/Deg 3

0.25 and the FAR 3.7 ejector without setback. The EAR 3.7 ¢jector (EAR/NAR =

i.13) has an cjector-length-to-individual-jet diameter ratio (L/d) of 11.7, which appears to

have been sulticient to provide approximately the same secondary air handling as the EAR

2.6 and 3.1 ¢jectors.® Because the effective inlet area is more restricted on the 37-(ube,

*Recall trom figure 72 that the same ejector on the 31-1ube suppressor, Ly /d =10.7, did not have a
sulficient nuniber of 1ube diameters 1o entrain the amount of air handied by the EAR 3.1 ejector.
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Figure 72.—Effect of Ejector Area Ratio on Performance at Forward Velocity
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close-pucked nozzle than the 31-tube radial, more sethack is recquired 10 obtain optimum
performance. Thus the EAR 3.1 ejector with sethack (Sli/l)cq) 0.25 has higher perform-
ance than the no-setback case for the close-packed array while the same amount of setback
was more than was needed tor the well-ventilated radial array.

Phe reasons for the occurrence of both increased performance and decreased lapse rate due
to sethack for the EAR 3.1 ejector (lines a and ¢ in fig. 73) are discussed in section 6.3.7.4.
Lines band d in figure 73 demonstrate the cffect of cjector length when all other parameters
are held constant, The high static performance and sharp increase in lapse rate for the
fonger cjector imply that substantially more ¢jector length than 12 individual jet diameters
Is necessary to entrain the maximum amounnt of secondary awir when EAR/NAR = 1.3,
Even though the static pertormance ot the long ejector is about 4.5% higher than that of
the chort ejector, the combination of the ram drag penalty due to the increased s rcondary
arr handling and the friction drag on the increased wetted arca produces a greater lapse rate
tor the fong cjector, and thus the short cjector performs better at velocities above 130 kn.
The example points out the general trend that if—and only if enough ejector mlet area and
cjector length are provided, the effect of ncreasing ejector area ratio results in increased
statie performance and an increased lapse rate which causes a performance deficit at takeolf
velocities.

Having examined particular suppressors with various cjectors, the effects of varying other
parameters can now be examined,

6.3.6 SUPPRESSOR GEOMETRY EFFECTS
6.3.6.1 Nozzle Area Ratio

The effect of varying only SUPPressor arca ratio on a suppressor with a fixed cjector size is
demonstrated on figure 74, For the fixed EAR of 3.1, the NAR-3.3 suppressor is the largest
nozzle area ratio that can be used without Jetimpingement on the ejector. This “tight™
cjector configuration produces such a restricted effective inlet area (without sethack) that
supersonic flow is monitored at the ¢jector throat. By increasing the setback to 0.25
Sli/’l)cq, the base drag is reduced enough to produce a 7.5% increase in performance (Cy,,).
Notice that the lapse rate remains approximately the sume for these configurations, suggest-
ing that they handled similar amounts of air and that the dominant feature of the restricted
inlet was to produce large values of base drag. The performance of the nozzle area ratio
2.75 suppressor with the same ejector benefits from the larger annular opening, AA. Its
zero setback performance is nearly 7% above that of the NAR-3.3 suppressor. The perform-
ance level of the NAR-2.75 suppressor without sethack is within 1% of the NAR-3.3 sup-
pressor with setback at 167 kn, and the lapse rate of the two curves is within 0.75%.

The change in lapse rate with setback for the NAR-2.75 nozzle is explained in part in sec-
tion 6.3.7.4. Because the gjector is at the limit of sufficient mixing, some of the change
in lapse rate may be due to secondary air-handling vartations cansed by setback. (There is
insufficient data to verify or contradict this.)
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6.3.6.2 Ramp Shape

Reference 4 indicated a performance gain due to the use of a ramp rather than allowing a
separated region to exist between the outer tubes and the nacelle o.d. as shown below.

No ramp

Circular arc
ramp

Elliptical
ramp

Figure 75.—Ramp Shapes

Ramps were always used in the present investigation to minimize the separated base region.
Two ramp shapes were used: a circular arc ram p termmating at the outside of the outer
tubes and an elliptical ramp extending to the center of the outer row tubes (fig. 75). The
total projected area of the sum of the ramp and base are the same for the two conligura-
tions. It was assumed at the outset that the increase in minimum dimensions from the base-
plate to the ejector provided by the elliptical ramp would result in improved mass Flow into
the cjector and the radial location of the separated Fow shoull be Jess,

Minimizing the separate region by using a ramp is important, but experimental results show
that the shape of the ramp is unimportant to the overall performance ol the ejector suppres-

sors in the range of tube lengths pressures and velocities tested. Figure 76 shows the ramps
superimposed on 4 37-tube, NAR-3.3 suppressor with an EAR-3.1 ¢jector.
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Figure 76. —Superposition of Circular Arc and Elliptical Ramps on a 37. Tube, NAR-3.3
Suppressor With EAR-3 1 Ejector (Zero Setback)

The performance of this suppressor/ejector combination with the two ramps is shown on
figure 77. With or without the ¢jector the performance change due to ramp shape is less
than 0.57% over the entire velocity range tested. At 167 kn the ramp drag was 1% higher

for the cHiptical ramp than the circular arc ramp (Dypt/FID = 2 )¢ instead of 1.07%) for
both the ejector and no-ejector cases. Of ¢o urse, the ellipticai ramp also has nearly twice
the projected area. The eflect of base drag almost completely compensates for the ramp
drag. Atterbody drag, the sum of ramp and base drags, is nearly identical for the two cases. *

The lip suction does not “knew™ which ramp is being used. At 167 kn the lip suction as g
pereentage of wdeal thrust equals 5.33 and 5.32 for the circular arc ramp and elliptical ranp,
respectively. This implies that the majority of the flow into the ejector enters through the
annular region between the outer row tubes and the cjector lip and that only a small per-
centage of the secondary niass flow “turns” down between the tubes near the baseplate.

To u Tirst order approxiniation, the change in Suppressor ramp drag due to forward velogity
1s not alfected by the presence of the cjector. Figure 78 shows that for all combinations of
ejectors and sethack on the 31-tube, NAR-2.75 radial suppressor, the value of the ramp drag
asa percentage of ideal primary thrust at pressure ratio 3.0 can be written as

l) - l) .
[2}1;1)1[) - #"')"R + (6.7 x 10'5)\’30 (h
at v, static

*A1 167 kn, 1he no-ejector case has Dann/FID = 7.43% for the cireular arc and 7.45% for the elliptical
ramp.
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Figure 77.—Effect of Ramp Shape on Performance With Forward Velocity
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Notice that the zero velocity intercept is affected by the presence ol the ¢jector but that
Most ejector cases have exact Iv the same rate of change of ramp drag with velocity as the
no-cjector case. The exceptions are the extrenely restricted inlets produced by the zero
sethack cases of the FAR 2.6 and 3.1 cjectors. These two cases are so restricted on inlet
area that severe ejector vibiations die {o shock-induced flow instabilities prevented the data
from being tuken at pressure ratio = 3.0. lnstead the values are taken at PR = 2.8 .*

The consistency of the rate of change of drag with velocity for the various conligurations
suggests a How-lield near the famp extending from the outside of tle nacetle aft 1o and
mchuding the cutside ol the outer row tubes (at the baseplate) that does not “know” ol
the presence of the cjector. Any flow-fickl changes occurring near the SUPPressor must
oceur alt of the baseplate along the tubes.

The avove statements were hased on the 31-tube, NAR-2.75 radial array which is a very
wellventilated suppressor. For comparison examine the suppressor with the poorest ven-
tilatiou, the 61-tube close-picked nozzle with clliptical ramp and NAR = 3.3, Figure 79
shows identical characteristics to those of the 31-tube 4 rray, i.c., the rate of change of ramp
drag wiih velocity is independent of the presence of an ejector. Also notice that the same
equation is adequate to quantify the amount of drag. The constant in equation | should
change as ramp shape changes. For the single round convergent nozzle, the rate of change
i ramp drag Irom 0 to 167 kn as a percentage of ideal thrust is 1.9, .3, 1.0, and 0.7 for
pressare ratios ol 2, 2.5, 3.0, and 4.0, respectively. For the circular are ramp which extends
only to the outside of the outer row tubes, the amount of increase in ramp drag from static
to 167 kn'is only 0.927% of ideal thrust at pressure ratio 3. Again, the behavior with veloc-
ity s that described by equation | where the constant for this small ramp is 3.3 x 105,
(Remember that differences in ramp drag between the circular are and elliptical ramps are
nearly counteracted by the changes in base drag.)

6.3.6.3 Tube Number

Changes in lapse rate due to tube number are insignificant. Relerences | and 2 demon-
strate a strong dependence of the static performance level on the base ventilution restric-
tions produced by tube number and nozzle array. Changing only the number of tubes in

a suppressor/ejector configuration (with constant suppressor and cjector drea ratio) results
ina family of nerlormance curves which are parallel, decreusing with velocity, and have levels
governed by the static ventilation, Figure 80 presents these offects for 19-, 37-, und 6 I-tube,
NAR-3.3 suppressors with 4 constant EAR 3.1 ¢jector using sethack (SB,’DL.(l = 0.25) 10
assure adequate secondary inlet area o prevent supersonic flow at the ejector throat, **

*Since the rate of change ol drag with velocity becomes an mcreasing percentage of FID as pressure ratio
decreases, the amount of dilference in the rate of change of drag on the ramp due solely to the presence
of the ejector is 0.2% even for these very resiricted “chioked” inlets at PR = 2.8,

**The occurrence of supersonic Nlow at the ejector throat is observed for “tight” ejectors (EAR/NAR =~ 1)
as the suppressor ventifation decreases due to insufficient sethack.
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6.3.6.4 Tube Shape

Reference 1 established the importance of the shape of the individual tubes on the base drag
and internal performance of multitube suppressors. The level of base drag is a strong func-
tion of the ventilation arca between the outer row tubes. Use of elliptical convergent tubes
was recommended because they provide large ventilation arcas without sacrificing internal
performance. The present investigation, while concentrating on elliptical convergent tubes,
also sampled the lapse rate of configurations with round convergent tubes. Figure 81 sug-
gests that, while the level of performance is sensitive to the ventilation resulting from the
tube shape, the lapse rate is reasonably independent of tube shape.

6.3.6.5 Tube Length )

The tube length behaves like the other geometric parameters affecting ventilation (i.e., the
fevel of performance is a function of tube length, but the lapse rate is reasonably indepen-
dent of tube length). References 1 and 2 discuss the importance of tube length on the static
performance of multitube nozzles. Figure 82 demonstrates the luck of dependence of lapse
rate on tube length.

6.3.6.6 Tube Array

Tube array, another parameter affecting base ventilation, does not affect the lapse rate of
suppressor/ejector nozzles. References 1 and 2 demonstrate tiie strong increase in static %
performance due to the increased ventilation provided by radial arrays compared to close-
packed arrays. Figure 83 shows the performance of closc-packed and radial array suppres-
sors. cach having nozzle arca ratio = 2.75 and each fitted with the same ¢jector (EAR 3.1)
and no setback. The lapse rate of the two configurations is nearly identical. This behavior
suggests that they handled the = amount of secondary air. The difference in perform-
ance level can be attributed to ine small base drag resulting from good ventilation in the
radial array. Notice that the radial array nozzle has the same performance at 115 kn that
the close-packed array has statically. The lack of dependence of lapse rate on ventilation
supports the flow model presented in section 6.3.7.3. In summary, the last four sections
have shown that the geometric suppressor parameters that greatly affect static performance
do not contribute substantially to the rate of change in performance due to forward
velocity.

6.3.7 EJECTOR GEOMETRY EFFECTS

6.3.7.1 Ejector Drag

5
6.3.7.1.1 Pressure Drag.—As velocity increases. 2n increasing drag force is measured on the Z
ejector boattail. For the constant area mixers of this investigation the boattail drag is the
only ejector pressure force countering the ejector iip suction. Figure 84 shows the ejector '
drag (exclusive of skin friction drag) as a percentage of ideal thrust for various ¢jector area
ratios, and the curves for both the EAR 2.6 and 3.1 ejectors can be expressed as 1
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Figure 81.—Effect of Tube Shape on Performance With Forward Velocity
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Figure 82.—Effect of Tube Length on Performance With Forward Velocity
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D
jector Shoul
T = (143 x 105y v2 (2)

where the velocity, V. is expressed in ka and Dejector/FID is in percert. At a pressure
ratio «@3.0, the cjector pressnre drag amounts to 0.4% of the i cal thrust at 167 kn. To
hold a constant hp shape and thickne
the suppressor nacelle diameter,
vjector (at PR IM o be

ss. the EAR 3.7 ejector has a diameter 127 larger than
Figure 84 shows the cjector boatt ail drag of the FAR 3.7

Deiecto
— I Gor EAR 3.7) = (2.2 x 10°5) v.2 (3)

6.3 712 Skin Friction Losses, — Skin friction losses are not analyzed dur

g the present
nmvestigation

6.3.7.2 Secondary Air Handling

I'he eftect of forward velocity in the tunne! results in the lollowing refationships:

® Il pressure ratio, FIp/Pos is held constant, the eflect of mcreasing velocity is a reduc-

tion in PTp. WP, and henee ideal primary thrust, FID, decreases.
® W PIp/Prois held constant as velocity increases, the results are:

I. Constant, P p.and primary weight flow, WP,

2. The pressure ratio P1p/Po increases. (lor PTp/PToe = 3.0, FID increases 1.7
from static to 167 kn for standard day, ambient conditions and 2.07 for 1150 )

Consider the following relationship where velocity is varied but PTp/Pr o is held constant.
Flhie primary mass Flow is indepcndent of velocity as shown in ligure 85,

\_pT /Poo= 3.0 ZPT /Poo= 3.138
wp g P
. PT o PTeg™ 30 1
0 Vv 167

Figure 85.—Primary Weight Flow as a Function of Velocity (Constan: PTP/PT,,,)
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As the secondary mass flow into the ejector decreases with velocity at constant PPT-“)Too'
the cjector lip suction shonld also decrease. The corresponding change in lip force for this
configuration is shown in ligure 87 to reflect a 9% change in lip suction for the above $5.7%
decrease in secondary weigltt Flow.
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Figure 87.—Lip Suction Versus Velocity for Constant Py P/PT
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The 31-tube radial array with EAR-3.] ejector and setback is studied in detail throughout
this investigation. Plotting tie lip force in pounds as a function of PTI’“)Too results in

figure 88
Pounds 40 \
of ]
force \
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T

lip 30}
)]
20} Ty = constant
& WP = constant

Py /Pr _
Tp/ P Te=30

;i | i 1 " i
0 20 40 60 80 100 120 140 160
Ve, kn

Figure 88.—Lip Force Versus Velocity for the 31-Tube NAR 2.75 Radial Arra y
With EAR 3.1 Ejector ( Zero Setback)

The lip foree is shown to decrease by 4.6% from static to 167 kn (lip force/FID decreases
by 47.7% from LIP/FID = 8.73% to LIP/FID = 4.57% at PTP/PTOO = 3.0). The compar.-
son ol this configuration with that discussed above from reference 7 suggests a much larger
decrease in secondary air handling with velocity for the 31-tube contiguration. 1f the ratio
of weight-flow change to lip-suction change due to velocity were the same for the two con-
figurations (it may not be), then the amount of secondary air handled by the 31-tube noz-
zle with EAR-3.1 ¢jector and setback would decrease by 30.2% as velocity increases from
static to 167 kn.

From the above discussion we can establish some general qualitative results:

®  Even with the two-to-one ellipse inlet chosen for the present investigation, the infet

recovery decreases substantially with forward velocities.

®  The decrease in secondary air handling results in a decrease in the ram drag penalty,
which in turn diminishes the rate of decrease in performance (i.c., improved lapse
rate) with increasing velocity.

6.3.7.3 Inlet Flow Model

Secondary air entering the ejector to mix with the primary flow must pass through either the
area between the outer tubes, AS, o1 the annular area, AA (fig. 89).

An effective inlet arca can be defined by assigning discharge coefficients to the two geometric
flow areas
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Figure 89.—Ejector Inlet Area A Aand A S




»
Acff = CDgAS + CDpAA,
where:  Aeff s the effective ejector inlet area.
Cpg s the discharge coeflicient of the low passing between the outer row
tubes,
i
Cpp  is the discharge coefficient of the minimum annular arca between the
outer row tubes and the ejector lip.
The present investigation did not measure sccondary mass flow rate and thus, does not
G quantily the values of Cpg and CDA- On the other hand, the results and analysis presented
n this chapter give a qualitative understanding ol the relative importance of(‘[)g and Cpy.
For a fixed primary geometry, constant primary gas conditions, and constant ejector area
ratio and length, a given primary nozzle tends to entrain a constant amount oi secondary
air; thus, any changes in the secondary air handling must be due to ejector inlet losses,
&
Experimental results suggest a flow field as shown in figure 90,
¢
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_ *Recirculation
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! Figure 90.—Schematic for Suppressor/Ejector Inlet Flow Field
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A large recirculation region exists af't of the base plate. The jets exiting the central tubes
entram air from the recirculation region, which must be replaced by air having a radial com-
ponent, crossing AS. The remainder of the secondary air goes directly into the ejector
through AA and a small portion of AS. Statically. as the annulus area, AA is reduced by
decreasing setback (constant suppressor and cjector geometry and gas conditions), the
velocity of the secondary mass flow must increase, resulting in a static pressure depression
at the outside of the recirculating region. The demand for mass flow into the recirculating
region remains similar because the suppressor jets tend to entrain a quantity of mixing air
that is independent of the inlet size. The pressure near the outside of the baseplate pro-
duced by the velocity of the air entering the ejector produces large changes in the base pres-
sure and hence the level of drag. Using sctback as a technique to increase the annular inlet
to the ejector and lower the veloctiy of the inlet air results in a substantial red uction in base
drag.

The drag on the flat baseplate linearly increases with freestream velocity Tor configurations
tested. The dominant effect of the cjector on base drag is to increase base drag. As forward
(Freestream) velocity increases, the momentum of the sccondary air resists turning to enter
the recirculating region between the tubes near the baseplate. The related reduction in
pressure on the boundary of the recirculating region results in an increased drag with veloe-
ity. It the quantity of air entrained from the recirculating region were dependent upon the
inlet area, then the slope of the base drag curve would be dependent on inlet area. How-
ever, this is not the case. The slope of drag increase with veloceity is independent of ejector
size or inlet arca. (There is a second order effect of an additional increase in base drag duc
to ncreasing ejector area ratio). The fact that the increase in drag is also small compared
to the value of the static drag implies that a relatively small percentage of the secondary air
passes into the recirculating region. For the configurations investigated this requires that
Cpyy be small compared to C|)A.

Over the range of variables investigated, changes in inlet geometry produce large variations
in surface pressure forces while creating relatively simall variations in secondary mass How,
As a result, changes in performance level are large in comparison to changes in lapse rate.

6.3.7.4 Inlet Geometry

Reference 2 shows that ejector setback is a uselul mechanism to provide optimum perform-
ance through the tradeoff between base drag and lip suetion.

Figure 91 shows the effects of setback on the performance of g constant suppressor/ejector
as a tunction of forward velocity. At any fixed velocity, performance is 4 nonlinear func-
tion of setback as demonstrated in figure 92, Base drag decreases asymtotically with in-
creasing setback while the lip suction has a peak value at the minimum effective inlet area
that provides the amount of secondary air that can be entrained by the primary jets.

For “tight” ejectors (EAR/NAR = 1), the annular secondary flow area A A is inherently
small, and setback must be used to optimize the performance, Figures 91 and 93 show the
increase in performance due to increasing the inlet area with setback for two configurations
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with EAR/NAR =0.94.* The performance gain due to setback becomes increasingly
favorable as velocity increases. At all velocities the tight ejectors require a setback greater
than 0.25 (SB/l)eq) to produce optimum performance.

Figure 94 shows the effect of using setback to increase the inlet area on a EAR/NAR =112
configuration. The annulus A 4 is inherently karger than on the tight ejectors. Therefore, the
improvement in performance with setback is less. The performance level improves and the
lapse rate is less for the setback conliguration. Figure 95 shows another EAR/NAR =1.12
cjector. Though the ejector length was too short (sec. 6.3.7.5) to provide enough mixing,
the lapse rate was still less for the setback case.

When EAR/NAR s large, the peak static performance is obtained with zero setback be-
cause the annular inlet avea, A, is sufficiently large to provide the amount of secondary
air necessary to mix with the primary jets. Increasing setback statically reduces the inlet
velocity, and hence the lip suction, while the base drag remains nearly constant. Figure 96
demonstrates the effect of setback on an EAR/NAR = 1.34 configuration. Again, the

lapse rate is less for the setback case, resulting in a performance crossover where the setback
cuse outperforms the no-setback at velocities above 120 kn.

In all cases investigated, the lapse rate was less than the lapse rate at smaller setbacks.
Theretore, setback, unlike ejector area ratio and length, provides a mechanism for optimiz-
ing performance without increasing the lapse rate. The effect of setback on lapse rate
should be viewed as *“fine tuning” because the changes in lapse rate with setback are second
order compared to the changes in performance level. These characteristics are consistent
with the flow model that suggests that geometry changes produce much larger changes in
the surface pressure forces than in the lapse rate due to secondary air handling.

Though changes in lapse rate due to setback are relatively smali, the experimental results
suggest 4 behavior of performance versus setback and velocity as shown in figure 97.

Notice that the percentage of performance decrease due to increasing velocity (lapse rate)
is less as setback increases. From the above behavior and that shown in figure 91 an impor-
tant performance consideration is evident. The optimum ejector setback allows both high
static performance and minimum ram drag penalty. The sctback should be optimized at
the takeofT condition. This will automatically minimize lapse rate and still produce nearly
optimum static performance. (The setback will be slightly larger than optimuin for static
performance.)

*Note that EAR/NAR <1 does not imply jet scrubbing. (See sec. 3.3.3.)
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Figure 94.—Performance as a Function of Setback and Velocity for the 37- Tube,
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Figuré 95.—Performance as a Function of Setback and Velocity for the 19-Tube,
NAR-3.3 Suppressor With EAR = 3.7 Ejector (EAR/NAR =1.12)
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6.3.7.5 Ejecior Length and Area Ratio

The ejector length required to produce peak static thrust is a function of suppressor element
size and the ratio of the ejector to Suppressor area ratios (EAR/NAR). One-dimensional
cjector flow analysis (ref. 6) demonstrates that, for constant primary gas conditions, the
secondary mass flow rate increases as ejector area ratio increases. (The analysis assumes
sufficient ejector length is available for mixing and does not treat the effect o length.)
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The peak performance ol any suppressor/ejector system occurs when the ¢jector length is
sulhicient to provide optimal mixing of the primary jets with the sccondary Mow, Large
local peaks in the velocity profile can still be present, but their value must be slightly less
than the primary core velocity. 1 the length increases substantially heyond this, the reduc-
tion in effective area due to boundary layer growth and drag due to increased wetted area
reduces the system perlformance. The individual element size affects the length required 10
mix out the primary core. As the number of primary nozzle tubes is increased, the amount
of primary jet perimeter available to induce mixing increases and the ejector length re-
(uired tor maximum secondary air handling decreases. For the multitube suppressor the
required length is conveniently nondimensionalized by the individual tube diameter. The
Jec core mixes out in nominally twelve lengih-to-indhvidualjet diameters (rel, 5). Aircralt
constraints required an ¢jector ol L: Deq = 2.0. This ejector length requires 37 equal-
area tubes to provide 12 individual fet diameters within the L /Deg = 2 ejector. As the
distance between the outer jets and the ejector wall becomes greater (h.e., as EAR/NAR
incereases) the required ejector length increases to provide enough distance Tor the mixing
to extend across the ejector. When the ejector length is less than required for optimum
entrainment, the secondary air decreases, resulting in lower lip suction and, henee, lower
static perlformance.

For short ejectors, which entrain less than the maximum amount of secondary air, the de-
crease in secondary mass flow results in less ram drag penalty. Thus, the shorter the ejector
(<12 individual jet diameiers), the lower the static performance and the smaller the lapse
rate with velocity. This results in a crossover velocity for performance of any suppressor/
cjector with ejector length as the only variable. A performance envelope can be estabnshed
where the highest static performance and maximun lapse rate are provided by the ejector
ol sufficient fength to establish mixing across the cjector. The lowest lapse rate will be
established by the no-ejector case. The static performance and ram drag penalties due to
too short an ejector are much more severe than those lor too long an ejector. Figure 98
dramahcally illustrates these effects. The LE/Deg = 2 ejectoris 12 individual jet diameters
fong for the 37-tube suppressor. The ejector area ratio is held constant at 2.7. The figure
shows that the NAR-2.75 suppressor with the short LE/Deg = 2.0 ejector does not provide
sufficient mixing length. The larger area ratio suppressor, NAR-3.3. mixes out sooner and
the decreased distance to the ejector wall decreases the leagth required lor the primary {low
to spread to fill the cjector. This results in greater secondary air handling and, in turn, a
steeper lapse rate, The air handling of the FAR-3.7 ¢jector can be substantially increased
by using a long ejector. The figure shows a 4% increase in static thrust due to the larger
ejector on the NAR-2.75 suppressor.

However, the increased air handling also increases the ram drag penalty and skin Triction
drag to the point where, above 120 kn, the shorter ejector performs better. This crossover
velocity and the trade between static performance and lspse rate must be kept in mind
when designing a suppressor/ejector Tor tukeolT,

6.3.8 TEMPERATURE EFFECTS ON PERFORMANCE

® Base drag and lip suction both decrease with increasing jet tem perature.

®  The temperature elTect is more pronounced on lip suction than it is on base drug.
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Figure 98.—Effect of NAR and Ejector Length on Performance With Forward Velocity
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The observed decrease in lip suction implies a decrease in secondary air handhing; thus, the
ram drag penalty (i.c., decrease in lip suction with increasing velocity) decreases as jet tem-
perature increases. Figure 99 shows this to b= the case. Statically, the lip suction at 1150°F
is 3.39% less than the ambient valne for the configuration shown. Increasing velocity pro-
duces a decrease in lip suction For both cases. Since the ram drag is less for the hot flow,

its rate of decrease is less. The difference in rate is small compared to the static difference
in fevel: hence, the velocity required to get the same lip suction From the hot and cold cases
would be nearly 300 kn for this configuration. Temperature effects on internal performance
are covered by reference |,

References 1 and 2 detail the decrease in base d rag due to clevated temperature for static
performance. The configurations tested at 1150°F to establish the effects of forward veloe-
ity on base drag showed that the base drag is slightly less at 1150°F jet temperature than
ambient at all velocities. Insufficient data were taken to quantify the amount except to
notice that the ratio of change of drag with velocity was approximately the same for hot
and cold configurations. Thus, a first order approximation would suggest that the static
reduction in base drag due to hot primary flow be used as the g uantity of reduction at all
velocities. In this manner an approximate value can be obtained by using the hot to cold
changes statically I'rom reference 2 and the rate of change of drag with velocity from the
appendix of reference 10.

Unfortunately, lip suction is not as well understood as base drag. Except for the general
statements about lip suction made in this section, the presciit investigation can only con-
clude that future testing must be done at the desired temperature. Performance data ac-
quired at elevated temperatures have traditionally been much less accurate than ambicnt
temperature data. The present program was successful in obtaining 1 150°F primary flow
data statically. The limited wind-on data suggests a need for substantial development prior
to future wind tunnel performance tests to insure the correct temperature profiles and data
levels and repeatability.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

It has been demonstrated that high static performance and low fapse rates are compatible
with the appropriate choices of geometry. Due to the ram drag penalty and cjector drag,
the lapse rate of suppressor/cjector configurations is imherently larger (steeper) than that

of the bare suppressor configuration, ‘Though the ejectors can produce large static augmen-
tations to olfset the thrust loss of the suppressor hardware, there is always some velocity
beyond which the ¢jector becomes a performance handicap. When considering the exhaust
system ol a supersonic commercial aircraft, the task is not to decide it suppressors and Cjec-
tors should be used but rather to define the geometry necessary to make the hest use of
them within specified constraints,

Geometry changes were shown to have a large effect on the level of performance while
producing relatively small changes in the lapse rate. The maximuni performance over g
range of velocities is provided by the configurations which minimize the afterbody drag
through the appropriate selection ol suppressor variables and effective ejector inlet area
rather than those which obtain high static augmentation through the use of large ¢jector
area ratios. To minimize suppressor drag, the use ol a radial tube placement and clliptical
convergent tubes is reccommended. The number of tubes should be held at the minimum
consistent with suppression requirements and installation and weight constraints. Twelve
mdividual jet diameters provide sufficient ejector length lTor optimum mixing for cjector
area ratios < 3.7 and EAR/NAR < I.3. The cjector length must be increased if either the
cjector area ratio or the EA R/NAR ratio increases beyond these values.

The majority of the secondary air entering the ejector appears to pass through the annular
area between the ejector lip and the outer row tubes, Only a small percentage of the flow
passes between the tubes into the recirculation region, The annular area and hence the ma-
Jority of the effective inlet arey is established by the EAR/NAR ratio and the ejector sethack.
The elfective ejector inlet areq plays a major role in determining the tradeolf hetween lip
suction and basedrag. If the inlet area is too small, the secondary air becomes supersonic ai
the ejector throat, producing shock-induced flow instabilities, ejector vibration, and dispro-
portionate performance losses. This situation arises for pressure ratios above 3.0 when
EAR/NAR =~ | and sethack equals zero. For small increases in the inlet arca the perlorm-
ance level increases greatly due to the strong decrease in afterbody drag. 11 the inlet area
continues to increase, the base drag asymptotes and the lip suction dominates the perform-
ance. If the ejector inlet area increases much beyond this, the decrease in inlet velocity
results ina decrease in lip suction with no further gainin base drag reduction, Thus, for each
pressure ratio, ejector arey, ejector length, and suppressor geometry, there exists an optimin
inlet area. When EAR/NAR = || the setback must be greater than 0.25 Deg to produce the
peak performance. For alj configurations investigated, the peak performance required that
sethack increase slightly with forwand velocity. EAR/NAR > 1.3 (and EAR < 3.7) produces
a situation where the inlet area is larger than necessary even with zero setback, and consider-
able forward velocity is required hefore any scthack is advantageous. Thus, setback is an
important mechanism to allow an appropriate amount ol ejector inlet area. Setback, unlike
ejector arca ratio and length, provides a method of optimizing the performance and minimiz-
ing the lapse rate. For the type of suppressor/cjector system investigated, EAR/NAR ~ |.2
and EAR = 3.1 are recommended as providing the hest tradeofls. Very little setback wold
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be needed for such a configuration, and the setback could be used to “fine tune” the
system over the velocity range.

The use of a ramp to avoid a separation region between tle baseplate and the nacelle outer
diameter is recommended but the shape of ramp is animportant,

During climbout the suppressor may still be require
is high enough that the ejector is producing a pe
ram drag. Closing the inlet to reduce the

d for noise suppression while the velocity
rformance decrement due to secondary air

ram drag is not recommended because of the high
suppressor afterbody drag that will occur. Instead, a series of axial slots (or the aecrodynamic

cquipment) should be opened along the ¢jector to effectively reduce the length of the ejector
cutting down the mixing, and hence reducing the amount of secondary air handled.,

The majority of this investigation was conducted with ambie
ol clevated jet temperatures on the rate of change of
minimal. Lip suction and secondary air handling appear to decrease significantly with velocity
as the jet temperature increases (for a fixed geometry and pressure ratio). The amount of
decrease is not well understood exceept to affirm that lapse rate becomes less as primary
temperature increases, Future testing must be done at the desired temperature. Performance
data acquired at elevated temperatures have traditionally been much less accurate than ambient
temperature data. The present program was successful in obtaining 1150°F primary flow data
statically. The limited wind-on duta suggests a need for substantial development prior to

future wind tunnel performance tests to insure the correct temperature profiles and data levels
and repeatability.

nt jet temperatures. The effects
afterbody drag with velocity appears

More effort is also needed to quantify the effective inlet area Enough data is provided to
allow a reasonably accurate assessment of the wmount of

inlet area needed for nozzles similar
to those tested. Though the principal flow area appears to be the outer annulus, it is not

possible to nondimensionalize or generalize the required size.
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